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HIGHLIGHTS 


•  A  calculation  is  used  to  analyze  series  of  porphyrins  as  sensitizers. 

•  Photoelectrochemical  biofuel  cells  were  fabricated  with  the  above  porphyrins. 

•  The  haematoporphyrin  showed  the  best  performance  of  the  series  of  porphyrins. 

•  The  theoretical  calculation  was  consistent  with  the  experimental  results. 
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Extending  excited-state  of  sensitizer  that  absorbs  visible  photon  and  produces  charge  separation  is  of 
importance  for  a  photoelectrochemical  biofuel  cell  (PEBFC).  In  the  present  work,  the  dependence  of  series 
of  porphyrins  functionalized  at  (3-positions  as  sensitizers’  structures  on  their  excited-state  are  analyzed 
with  the  density  functional  theory  and  time-dependent  density  functional  theory.  The  calculated  results 
expect  that  the  radiative  lifetime  decreases  in  the  order  of  haematoporphyrin  >  protoporphyrin  IX  >  H2- 
mesoporphyrin  IX.  The  designed  PEBFCs  with  the  above  porphyrins  as  sensitizers  are  assembled,  in  which 
the  photocurrent  action  spectra  testifies  that  the  order  of  the  radiative  lifetime  is  consistent  with  that  of  the 
incident  photon-to-collected  electron  conversion  efficiency  (IPCE)  value  based  on  the  series  of  porphyrins. 
All  the  experimental  characteristics  show  that  the  porphyrin  with  ethanol  group  (-CHOH-CH3)  at  (3-po¬ 
sitions  can  enhance  the  photovoltaic  performance  of  the  PEBFC  as  expected. 

©  2013  Published  by  Elsevier  B.V. 


1.  Introduction 

A  photoelectrochemical  biofuel  cell  (PEBFC)  that  combines  a 
dye-sensitized  solar  cell  (DSSC)  [1-4]  with  an  enzyme-catalyzed 
biofuel  cell  (BFC)  [5-9]  has  attracted  increasing  research  enthu¬ 
siasm  since  Moore  and  co-workers  have  developed  the  new  type 
cell  (Fig.  1)  [10].  The  PEBFC  relies  upon  charge  separation  at  a  dye- 
sensitized  semiconductor  photoanode,  which  is  in  close  analogy 
with  DSSC.  Following  photoinduced  charge  separation,  the  sensi¬ 
tizer  cation  is  reduced  by  (3-nicotinamide  adenine  dinucleotide  ((3- 
NADH),  ultimately  generating  (3-nicotinamide  adenine  dinucleotide 
((3-NAD+),  the  oxidized  form  of  the  mediator.  (3-NAD+  can  serve  as 
an  electron  acceptor  and  obtain  electrons  from  p-D-glucose  in  the 
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electrolyte  under  the  catalysis  of  the  glucose  dehydrogenase  (GDH). 
For  the  PEBFC,  (3-NAD+  is  not  reduced  at  either  the  cathode  or  the 
photoanode,  in  contrast,  the  oxidized  species,  J3_,  is  reduced  at  the 
photoanode,  leading  to  energy-wasting  recombination  reactions 
and  loss  of  efficiency  for  the  DSSC,  and  hence,  charge  recombina¬ 
tion  does  not  occur  as  DSSC  does.  In  addition,  for  the  enzyme- 
catalyzed  BFC  the  efficiency  is  related  to  the  stability  and  the 
immobilization  of  the  enzyme  on  the  electrode  while  for  the  PEBFC 
the  enzyme  is  in  the  electrolyte  and  stable.  Although  the  PEBFC  has 
many  advantages  compared  to  the  DSSC  and  BFC,  but  photovoltaic 
performance  of  the  PEBFC  is  poor  [10-19].  Amao  et  al.  used  chlo¬ 
rophyll  or  its  derivative  zinc  chlorin-e6  as  sensitizers  to  construct 
the  PEBFC  which  showed  that  short-circuit  current  (Jsc)  and  the 
open-circuit  potential  (Voc)  were  9.0  pA  cm-2  and  415  mV, 
respectively.  And  the  peaks  in  the  photocurrent  action  spectrum 
were  observed  at  400  and  800  nm  and  the  incident  photon-to- 
collected  electron  conversion  efficiency  (IPCE)  values  at  400  and 
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Pt  Cathode  Photoanode 


Fig.  1.  Schematic  diagram  of  the  oxidation-reduction  for  the  photoeiectrochemical 
biofuel  cell. 


800  nm  were  estimated  to  be  ca.  17.3%  and  10.6%  [16,17].  Gust  et  al. 
reported  the  PEBFC  with  5-(4-carboxyphenyl)-10,  15,  20-tris(4- 
methylphenyl)porphyrin  as  a  sensitizer.  The  PEBFC  with 
porphyrin  exhibited  more  performance  than  that  with  chlorophyll. 
The  lsc  and  V0c  were  55  pA  cm-2  and  1.10  V,  respectively  for  the 
PEBFC  with  porphyrin. 

Typical  sensitizer  of  the  PEBFC  is  porphyrin  compounds  because 
they  possess  an  intense  Soret  band  at  400-450  nm  and  moderate 
Q-bands  at  500-650  nm.  The  energy  levels  of  the  highest  occupied 
molecular  orbital  (HOMO)  and  lowest  unoccupied  molecular  orbital 
(LUMO)  of  porphyrin  match  well  with  the  conduction  band  of  Ti02 
molecule.  We  have  reported  the  PEBFCs  based  on  H2-meso- 
porphyrin  IX  which  exhibited  the  Jsc  of  395  pA  cm-2,  the  open- 
circuit  potential  (Voc)  of  767  mV  and  meso-tetrakis  (4-carbox- 
yphenyl)  porphyrin  (TCPP)  which  exhibited  Jsc  of  69  pA  cm-2,  V0c  of 
740  mV  [19].  The  above  result  that  the  difference  of  the  sensitizer 
leads  to  the  difference  of  the  Jsc  and  Voc  shows  that  the  structure  of 
the  sensitizer  has  an  important  influence  on  the  performance  of  the 
PEBFC.  In  addition,  Gust  et  al.  employed  TiC^  rather  than  SnC^  as 
the  wide  band  gap  semiconductor  of  the  PEBFC,  which  represent  a 
significant  increase  in  cell  performance  [10,11].  When  the  PEBFC 
operates  with  the  platinum  cathode  under  anaerobic  conditions, 
hydrogen  produces  under  the  catalysis  of  the  Clostridium  aceto- 
butylicum  [FeFe]-hydrogenase  HydA  [14]. 

The  study  on  the  PEBFC  is  extensively  reported  [10-19], 
however  there  is  no  report  on  sensitizer  structure  —  cell  function 


relationship.  Long  excited-state  of  sensitizer  plays  an  important 
role  of  injecting  electrons  into  the  conduction  band  of  titania 
(TiC^)  for  the  PEBFC.  It  is  obvious  that  the  structure  of  sensitizer 
is  of  importance  for  its  excited-state.  In  this  paper,  series  of 
porphyrin  compounds  as  sensitizers  (H2-mesoporphyrin  IX, 
protoporphyrin  IX  and  haematoporphyrin  as  shown  in  Fig.  2) 
were  analyzed  using  the  density  functional  theory  (DFT)  and 
time-dependent  density  functional  theory  (TD-DFT)  [20-22]. 
With  the  aid  of  DFT  and  TD-DFT  calculations,  the  HOMO,  the 
LUMO,  the  energy  difference  between  the  HOMO  and 
LUMO  (AEH-l),  radiative  lifetime  (t)  were  obtained,  and  the 
radiative  lifetime  decreased  in  the  order  of  haematoporph¬ 
yrin  >  protoporphyrin  IX  >  H2-mesoporphyrin  IX  [23].  The 
longer  radiative  lifetime  is  advantageous  to  injecting  the  electron 
into  the  conduction  band  of  Ti02,  which  is  expected  to  enhance 
the  photovoltaic  performance  of  the  PEBFC  [23].  The  experi¬ 
mental  results  showed  that  compared  with  the  reported  PEBFC 
based  on  H2-mesoporphyrin  IX,  the  PEBFCs  sensitized  by  proto¬ 
porphyrin  IX  or  haematoporphyrin  sensitizers  showed  much 
higher  IPCE  and  better  photovoltaic  performance.  The  short- 
circuit  current  (Jsc)  and  the  open-circuit  potential  (Voc)  values 
of  the  PEBFCs  based  on  the  series  of  sensitizers  decreased  in  the 
order  of  haematoporphyrin  >  protoporphyrin  IX  >  H2-meso- 
porphyrin  IX  as  expected.  Thus,  the  function  at  P-position  of  the 
porphyrin  is  an  important  factor  that  must  be  considered  for  the 
development  of  the  efficient  PEBFC. 

2.  Experimental 

2.1.  Materials 

H2-mesoporphyrin  IX,  protoporphyrin  IX  and  haematopor¬ 
phyrin  were  purchased  from  J&K  CHEMICAL  LTD.  p-NADH  was 
purchased  from  Sigma-Aldrich  Company.  Perfluorinated  sulfonic 
acid  proton-exchange  membrane  Nation  117  (thickness:  80  pm, 
exchange  capacity:  1.0  ±  0.02  mM  g-1)  was  purchased  from 
Shandong  Dongyue  Shenzhou  New  Material  Co,  Shandong  China. 
The  trishydroxylaminomethane  (Tris)  was  obtained  from  J&K 
Chemical  Ltd.  GDH  was  obtained  from  Toyobo  Co.,  Ltd.  The  enzyme 
activity  was  assayed  following  a  protocol  provided  by  the  manu¬ 
facturer.  p-D-glucose,  N,  N-dimethyl  formamide  (DMF)  and  potas¬ 
sium  chloride  (KCl)  were  obtained  from  Beijing  Chemical  Company 
(Beijing,  China).  3a,  7a-dihyroxy-5P-cholic  acid  (cheno)  was  ob¬ 
tained  from  Fluka.  One  unit  of  GDH  activity  is  defined  as  the 
amount  of  enzyme  consumed  per  minute  that  reduced  1.0  mmol 
NAD+  to  NADH  by  glucose. 


(a)  (b)  (c) 


Fig.  2.  Molecular  structures  of  (a)  H2-mesoporphyrin  IX,  (b)  Protoporphyrin  IX  and  (c)  Haematoporphyrin  sensitizers. 
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2.2.  Preparation  of  TUD2  film  electrode 

The  Ti02  film  electrode  was  obtained  from  Peng  Wang  group  in 
Changchun  Institute  of  Applied  Chemistry  [24]. 

2.3.  Preparation  of  platinum-coated  fluorine-doped  tin  oxide 
electrode 

The  platinum-coated  FTO  electrode  was  prepared  according  to 
the  literature  [19]. 

2.4.  Fabrications  of  photoelectrochemical  biofuel  cell 

The  Ti02  film  electrode  was  heated  for  about  30  min  at  550  °C, 
and  then  cooled  to  80  °C.  The  above  TiC^  film  electrode  was  dipped 
for  5  h  in  DMF  solution  containing  1  x  10~3  M  of  protoporphyrin  IX 
or  haematoporphyrin.  The  apparent  surface  area  of  the  prepared 
photoanode  FTO/Ti02/protoporphyrin  (or  haematoporphyrin)  was 
0.228  cm2. 

The  detailed  fabrication  procedures  of  the  photoanode  FTO / 
Ti02/Fl2-mesoporphyrin  IX  and  the  PEBFC  have  been  reported  in 
the  previous  literature  [19].  The  photoanode  compartment  was 
filled  with  4  mM  NADH,  0.1  M  glucose,  0.015  units  mL-1  GDH  and 
0.25  M  Tris  buffer  solution  of  pH  8.0  (adjusted  with  HC1)  that 
contained  0.1  M  KC1  as  a  supporting  electrolyte.  To  remove  oxygen, 
the  photoanode  compartment  was  saturated  by  nitrogen  gas.  The 
cathode  compartment  was  filled  with  0.1  M  KC1  and  0.25  M  Tris 
buffer  solution  of  pH  8.0  with  saturated  oxygen. 

2.5.  UV—Vis,  Fourier  transform  infrared,  X-ray  photoelectron 
spectroscopy  and  FE-SEM  measurements 

The  UV-Vis  absorption  spectra  were  performed  on  a  UNICO 
WFZ  UV-2802PC/PCS  spectrometer.  The  Fourier  Transform  Infrared 
(FTIR)  spectra  were  performed  using  a  BRUKER  Vertex  70  FTIR 
spectrometer.  The  Ti02  film  electrodes  sensitized  by  protoporphy¬ 
rin  or  haematoporphyrin  were  rinsed  with  DMF,  and  then  dried  at 
room  temperature  to  measure  the  spectra.  X-ray  photoelectron 
spectroscopy  (XPS)  measurements  of  the  Ti02  film  and  FTO/TiC^/ 
protoporphyrin  (or  haematoporphyrin)  electrodes  were  recorded 
by  using  a  Kratos  XSAM-800  spectrometer  with  Mg  Ka  radiator.  The 
field-emission  scanning  electron  microscope  (FE-SEM)  was  carried 
out  on  the  field  emission  microscope  (JEOL,  7500B)  operated  at  an 
acceleration  voltage  of  10  kV. 

2.6.  Photovoltaic  characteristics 

The  current-voltage  characteristic  curve  and  the  IPCE- 
wavelength  measurement  of  the  PEBFC  were  obtained  by  Lab- 
view  8.0  test  bench  according  to  the  literature  [19].  Electrochemical 
impedance  spectroscopy  (EIS)  was  obtained  in  a  frequency  range 
from  100  mHz  to  100  kHz  using  EG  &  G  PARC  18  potentiostat/gal- 
vanostat  (Model  273A  Princeton  Applied  Research  Co.,  USA)  under 
natural  light.  The  amplitude  of  the  sinusoidal  potential  signal  was 
10  mV. 

2.7.  Computation 

All  theoretical  computations  about  the  H2-mesoporphyrin  IX, 
protoporphyrin  IX  and  haematoporphyrin  sensitizers  in  this  paper 
were  carried  out  with  DFT  and  TD=DFT,  implementing  the  Gaussian 
09  program  package.  Hybrid  GGA  functional,  Becke’s  three- 
parameter  (B3)  hybrid  exchange  functional,  incorporating  the  cor¬ 
relation  functionals  of  Lee,  Yang  and  Parr  (LYP),  namely  B3LYP,  was 
used  to  optimize  the  ground-state  geometries  of  the  three 


sensitizers  molecules  with  6-31  G(d)  basis  set.  On  the  basis  of  the 
ground-state  geometries,  HOMO,  LUMO  energies  and  HOMO- 
LUMO  gap  (AEH-l)  are  obtained.  TD-DFT//B3LYP/6-31G(d)  is 
employed  to  optimize  the  lowest  singlet  excited-state  structure, 
and  on  above  basis,  the  radiative  lifetime  (t)  of  H2-mesoporphyrin 
IX,  protoporphyrin  and  haematoporphyrin  is  obtained. 

3.  Results  and  discussion 

3.1.  Characterization  of  the  photoanode 

3.1.1.  UV-Vis  absorption  spectra  of  dye-sensitized  Ti02  film 
electrode 

Compared  with  the  H2-mesoporphyrin  IX  sensitizer  with  two 
ethyl  groups  (-CH2-CH3)  connecting  to  the  ring  of  pyrrole  at  13- 
positions  (Fig.  2a),  two  ethyl  groups  (-CH2-CH3)  are  replaced  by 
two  vinyl  groups  (-CH  =  CH2)  for  protoporphyrin  IX  (Fig.  2b)  and  by 
two  ethanol  groups  (-CHOH-CH3)  for  haematoporphyrin  (Fig.  2c). 
In  the  PEBFC,  the  LUMO  energy  of  the  sensitizer  must  be  suited  to 
the  conduction  band  edge  of  TiC^,  so  the  protoporphyrin  IX  and 
haematoporphyrin  sensitizers  with  the  reported  H2-meso- 
porphyrin  IX  were  calculated  to  obtain  their  electronic  states  with 
the  DFT  method.  The  energies  of  HOMO,  LUMO  and  AEh-l  for  the 
three  sensitizers  are  listed  in  Table  1.  As  shown  in  Table  1,  the  LUMO 
energies  of  the  three  sensitizers  are  more  positive  than  the  con¬ 
duction  band  edge  (-4.00  eV  vs.  vacuum)  of  Ti02  [25],  providing 
sufficient  thermodynamic  driving  force  for  electron  injection  from 
the  excited  sensitizer  to  Ti02.  The  calculating  result  shows  that 
protoporphyrin  IX  exhibits  a  narrower  AEh-l  compared  to  H2- 
mesoporphyrin  IX  and  haematoporphyrin,  and  the  narrower  AEh-l 
is,  the  lower  the  energy  needed  by  electronic  transition  from  HOMO 
to  LUMO  should  be,  thus  for  protoporphyrin  IX,  the  UV-Vis  ab¬ 
sorption  spectra  correspond  to  longer  Soret  band  and  Q-bands 
wavelength  of  absorption  peak.  The  UV-Vis  absorption  spectra  of 
protoporphyrin  IX  or  haematoporphyrin  sensitizers  in  a  solution 
and  at  a  mesoporous  Ti02  film  electrode  were  measured  so  as  to 
have  a  preliminary  evaluation  on  their  light-harvesting  capacity  as 
shown  in  Fig.  3.  The  two  sensitizers  and  the  reported  H2-meso- 
porphyrin  IX  in  a  solution  all  have  strong  light  absorption  in  the 
400-450  nm  region  (Soret  band)  and  the  500-700  nm  region  (Q- 
bands)  as  shown  in  Fig.  3  and  Table  2,  which  is  in  agreement  with 
that  of  the  respective  sensitizer  adsorbed  at  the  mesoporous  Ti02 
film  electrode,  indicating  that  the  three  sensitizers  are  successfully 
adsorbed  at  a  mesoporous  Ti02  film  electrode.  Compared  with  H2- 
mesoporphyrin  IX  (Fig.  3a),  protoporphyrin  IX  (Fig.  3b)  and  hae¬ 
matoporphyrin  (Fig.  3c)  have  longer  Soret  band  and  Q-bands 
wavelength  of  absorption  peak  as  expected,  which  is  shown  in 
Table  2.  The  above  result  obviously  showed  that  the  AEH-l  of  the 
sensitizer  was  closely  related  to  the  Soret  band  and  Q-bands 
wavelength  of  UV-Vis  absorption  peak  and  the  theoretical  calcu¬ 
lation  could  expect  experimental  result.  The  sensitizer  H2-meso- 
porphyrin  IX  coated  on  the  mesoporous  TiCh  film  electrode  in  the 
Soret  band  was  at  407  nm,  which  was  slightly  blue-shifted  by  8  nm 
compared  with  that  in  the  solution;  the  absorption  peaks  in  the  Q- 
band  region  were  at  507,  533,  574  and  625  nm,  which  were  slightly 

Table  1 

The  energies  of  occupied  (HOMO)  and  unoccupied  (LUMO)  frontier  orbitals  and 
energy  gaps  for  H2-mesoporphyrin  IX,  protoporphyrin  IX  and  haematoporphyrin  (in 
eV). 


Sensitizer 

HOMO 

LUMO 

A£H-l 

H2-mesoporphyrin  IX 

-5.00 

-2.09 

2.91 

Protoporphyrin  IX 

-5.08 

-2.22 

2.86 

Haematoporphyrin 

-5.02 

-2.11 

2.91 
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Fig.  3.  (a)  Absorption  spectra  of  5  x  10-5  M  H2-mesoporphyrin  IX  in  ethanol  solution 
containing  5  x  10-4  M  3a,  7a-dihyroxy-5(3-cholic  acid  (solid  line)  and  H2-meso- 
porphyrin  IX  coated  at  Ti02  electrode  (dashed  line).  Absorption  spectra  of  1  x  10-3  M 
(b)  protoporphyrin  IX  and  (c)  haematoporphyrin  in  DMF  solution  (solid  line)  and  the 
corresponding  sensitizer  coated  at  Ti02  electrode  (dashed  line). 


red-shifted  by  9,  3, 13  and  23  nm,  compared  with  those  in  the  so¬ 
lution,  respectively  (Fig.  3a).  When  protoporphyrin  IX  (Fig.  3b)  or 
haematoporphyrin  (Fig.  3c)  was  adsorbed  at  the  Ti02  film,  the  Soret 
band  and  Q-bands  showed  different  shifts  compared  with  the  ab¬ 
sorption  peak  of  the  corresponding  sensitizer  in  the  solution.  The 
electronic  coupling  interaction  between  the  tz  orbital  of  the  sensi¬ 
tizer  and  the  d  orbital  of  Ti02  resulted  in  the  shift  of  the  Soret  band 
and  Q-bands  of  the  sensitizer  coated  on  the  mesoporous  Ti02  film 


Table  2 

The  absorption  peaks  of  UV— Vis  absorption  spectra  for  H2-mesoporphyrin  IX,  pro¬ 
toporphyrin  IX  and  haematoporphyrin  sensitizers  in  a  solution. 


Sensitizer  solution 

Soret  band  (nm) 

Q-band  (nm) 

H2-mesoporphyrin  IX 

415 

498 

530 

561 

602 

Protoporphyrin  IX 

439 

504 

539 

575 

630 

Haematoporphyrin 

433 

502 

535 

573 

624 

electrode.  Therefore,  the  interaction  between  the  sensitizer  and  the 
Ti02  electrode  depended  on  the  structure  of  the  sensitizer. 

Plots  of  the  HOMO  and  LUMO  for  the  three  sensitizers  are 
shown  in  Fig.  4.  The  HOMO  and  LUMO  for  H2-mesoporphyrin  IX 
and  haematoporphyrin  are  found  to  be  mostly  located  on  the 
porphyrin  macrocycle,  while  those  for  protoporphyrin  IX  are  on  the 
porphyrin  macrocycle  and  the  two  vinyl  groups  (-CH=CH2). 
Introduction  of  the  vinyl  group  for  protoporphyrin  IX  expands  the  n 
conjugation  in  the  sensitizer,  and  thus  results  in  a  wide  absorption 
in  the  visible  region.  The  absorption  peaks  in  the  Soret  band  and  the 
Q-band  region  for  porphyrin  compounds  are  mainly  attributed  to 
the  n  -►  7T*  transition  from  HOMO  to  LUMO  [26-30].  The  narrow 
AEh-l  (Table  1)  explains  that  the  absorption  peaks  for  protopor¬ 
phyrin  IX  in  the  Soret  band  and  the  Q-band  region  are  red-shifted 
compared  with  H2-mesoporphyrin  IX  and  haematoporphyrin  as 
shown  in  Fig.  3  and  Table  2. 

3.1.2.  Feature  of  FTIR  spectra 

To  investigate  the  coordination  state  of  the  protoporphyrin  IX 
and  haematoporphyrin  sensitizers  at  the  Ti02  film,  the  FTIR  spectra 
of  the  two  sensitizers  in  the  solid  state  and  at  the  Ti02  film  were 
measured.  Fig.  5  shows  the  FTIR  spectra  of  sensitizers  over  the 
range  of  500-4000  cm"1  at  room  temperature.  Fig.  5A  displays  the 
FTIR  spectra  of  Ti02  film,  the  pure  protoporphyrin  IX  powder  and 
the  protoporphyrin  IX  adsorbed  at  the  Ti02  film.  The  peak  of  C=0 
bond  in  carboxyl  group  was  observed  at  1705  cnrT1  for  the  proto¬ 
porphyrin  IX  powder.  The  FTIR  spectrum  of  the  protoporphyrin  IX 
adsorbed  at  the  Ti02  film  clearly  shows  the  peaks  at  1652  and 
1459  cm-1;  they  correspond  to  the  asymmetric  and  symmetric 
stretching  vibration  of  the  carboxyl  group,  respectively,  indicating 
that  the  carboxyl  group  is  deprotonated  and  takes  part  in  the 
adsorption  of  the  sensitizer  at  the  Ti02  film  [31,32].  FTIR  spectrum 


Fig.  4.  Plots  of  the  Frontier  Orbitals  for  (a)  the  H2-mesoporphyrin  IX,  (b)  protopor¬ 
phyrin  IX  and  (c)  haematoporphyrin  molecules  by  MPWlB95/6-31G(d).  (Red  ball: 
oxygen,  gray  ball:  carbon,  white  ball:  hydrogen,  blue  ball:  nitrogen.)  (For  interpretation 
of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web 
version  of  this  article.) 
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Fig.  5.  (A)  FTIR  spectra  of  (a)  protoporphyrin  IX  sensitizer,  (b)  the  sensitizer  adsorbed 
at  a  Ti02  film  and  (c)  Ti02  film.  (B)  FTIR  spectra  of  (a)  haematoporphyrin  sensitizer,  (b) 
the  sensitizer  adsorbed  at  a  Ti02  film  and  (c)  Ti02  film.  (C)  FTIR  spectra  of  (a)  H2- 
mesoporphyrin  IX  sensitizer,  (b)  the  sensitizer  adsorbed  at  a  Ti02  film  and  (c)  Ti02  film. 

of  the  pure  haematoporphyrin  powder  shows  the  intense  peak  at 
1720  cm-1  as  shown  in  Fig.  5B.  When  the  haematoporphyrin  was 
adsorbed  at  the  Ti02  film,  two  intensive  peaks  were  observed  at 
1660  and  1420  cnrr1;  the  two  peaks  can  be  assigned  to  the  asym¬ 
metric  and  symmetric  stretching  vibration  of  the  carboxyl  group, 
respectively.  From  the  above  FTIR  data,  it  can  be  inferred  that  both 
protoporphyrin  IX  and  haematoporphyrin  are  adsorbed  at  the  Ti02 


film  through  the  carboxyl  groups  via  a  bidentate  or  a  bridging 
chelation  with  Ti02  film  [33],  which  is  consistent  with  the  observed 
result  of  the  reported  H2-mesoporphyrin  IX  sensitizer  as  shown  in 
Fig.  5C.  As  shown  in  Fig.  5,  there  was  no  obvious  peak  in  the  500— 
4000  cm-1  range  for  the  Ti02  film. 

3.1.3.  Characterization  of  XPS  spectra 

It  is  known  that  XPS  is  highly  correlative  to  surface  state,  so  XPS  is 
used  to  distinguish  the  surface  change  of  pure  TiCU  before  and  after 
adsorption  of  protoporphyrin  IX  or  haematoporphyrin  [34-37]. 
Under  the  same  conditions,  the  XPS  of  Ti  (2p)  and  O  (1  s)  for  the  Ti02 
film  without  any  adsorption,  the  Ti02  film  adsorbed  by  protopor¬ 
phyrin  IX  (protoporphyrin  IX/TiCU),  the  Ti02  film  adsorbed  by  hae¬ 
matoporphyrin  (haematoporphyrin/Ti02)  and  the  reported  Ti02  film 
adsorbed  by  FU-mesoporphyrin  IX  (FU-mesoporphyrin  IX/Ti02)  have 
been  compared  in  Fig.  6.  Parameters  of  the  XPS  obtained  from  Fig.  6 
for  Ti  (2p3/2),  Ti  (2pi/2)  and  O  (Is)  are  listed  in  Table  3.  Compared 
with  the  peaks  of  the  TiCU  film  without  any  adsorption,  for  the  re¬ 
ported  FU-mesoporphyrin  IX/TiCU,  the  peaks  of  Ti  (2p3/2)  and  Ti  (2pi/2) 
showed  slight  red-shifts  by  0.08  eV  and  0.36  eV,  respectively,  while 
the  red-shifts  for  the  protoporphyrin  IX/Ti02  were  0.15  and  0.53  eV, 
respectively,  and  the  red-shifts  for  the  haematoporphyrin/Ti02 
were  0.28  and  0.70  eV,  respectively  (Fig.  6a).  For  the  protoporphyrin 
IX/Ti02  and  haematoporphyrin/Ti02,  the  red-shifts  of  the  peaks 
were  larger  than  those  for  the  FU-mesoporphyrin  IX/TiCU  due  to  the 
stronger  interaction  between  the  sensitizer  and  TiCU.  In  the  O  (Is), 


Fig.  6.  XPS  spectra  of  (a)  Ti  (2p3/2),  Ti  (2pi/2)  and  (b)  O  (Is)  for  Ti02,  H2-mesoporphyrin 
IX/Ti02,  protoporphyrin  IX/Ti02  and  haematoporphyrin/Ti02. 
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Table  3 

XPS  of  Ti  (2p 3/2),  Ti  (2pi/2)  and  0  (Is)  obtained  from  the  curve  fits  of  Fig.  5. 


Binding  energy  (eV) 

Ti  (2p3/2) 

Ti  (2p1/2) 

O  (Is) 

Ti02 

458.47 

463.91 

529.68 

H2-mesoporphyrin  IX/Ti02 

458.55 

464.27 

529.79 

Protoporphyrin  IX/Ti02 

458.62 

464.44 

529.95 

Haematoporphyrin/Ti02 

458.75 

464.61 

530.02 

similar  phenomena  were  also  observed  as  shown  in  Fig.  6b  and 
Table  3.  So  the  interaction  between  the  sensitizer  and  TiC^ 
decreased  in  the  order  of  haematoporphyrin  >  protoporphyrin 
IX  >  H2-mesoporphyrin  IX.  The  strong  interaction  between  the 
sensitizer  and  Ti02  is  in  favor  of  electron  transfer  from  the  sensi¬ 
tizer  to  the  conduction  band  of  Ti02  [38]. 

3  A. 4.  Characterization  ofFE-SEM 

The  SEM  images  of  the  bare  Ti02  film  electrode,  H2-meso- 
porphyrin  IX/Ti02,  protoporphyrin  IX/Ti02  and  haematoporphyrin/ 
Ti02  were  shown  in  Fig.  7.  It  was  clear  that  the  corresponding 
sensitizer  was  adsorbed  on  the  Ti02  surface  due  to  the  uneven 
surface  compared  with  the  even  surface  of  the  Ti02  film  electrode. 
However,  H2-mesoporphyrin  IX/Ti02,  protoporphyrin  IX/Ti02  and 
haematoporphyrin/Ti02  did  not  have  obvious  differences. 

3.2.  Photocurrent  action  spectrum 

The  PEBFC  depends  on  charge  separation  at  a  dye-sensitized  TO2 
semiconductor  film  anode.  The  sensitizer  is  excited  by  visible  photon, 
resulting  in  electron  injection  from  the  excited  sensitizer  into  the 
conduction  band  of  Ti02.  The  longer  the  excited-state  of  sensitizer 
molecule  lives,  the  more  easily  the  electron  is  injected  to  the  con¬ 
duction  band  of  TiCh  [39].  The  radiative  lifetimes  of  the  H2-meso- 
porphyrin  IX,  protoporphyrin  IX  and  haematoporphyrin  sensitizers 
were  calculated  by  TD-DFT//B3LYP/6-31G(d),  and  they  were 
1831.04  ns,  1838.57  ns  and  1904.11  ns,  respectively.  And  the  radiative 


lifetime  decreases  in  the  order  of  haematoporphyrin 
>  protoporphyrin  IX  >  H2-mesoporphyrin  IX;  therefore,  the  hae¬ 
matoporphyrin  sensitizer  with  the  higher  radiative  lifetime  could 
have  higher  IPCE  of  the  PEBFC.  Moreover,  the  calculated  energies  of 
frontier  orbitals  indicate  that  haematoporphyrin  and  protoporphyrin 
IX  have  lower  LUMO  energy  than  H2-mesoporphyrin  IX  as  shown  in 
Table  1,  and  the  lower  LUMO  energy  may  endow  an  efficient  elec¬ 
tronic  coupling  of  excited  sensitizer  with  Ti02. 

The  photocurrent  action  spectra  for  PEBFCs  with  the  Ti02  films 
sensitized  by  protoporphyrin  IX,  haematoporphyrin  and  the  re¬ 
ported  H2-mesoporphyrin  IX  were  shown  in  Fig.  8.  The  onset 
wavelengths  of  the  IPCE  spectra  for  the  PEBFCs  based  on  the  three 
sensitizers  were  less  than  750  nm.  The  absorption  peaks  in  the 
photocurrent  action  spectra  for  the  PEBFC  with  haematoporphyrin 
sensitizer  were  observed  at  500,  560  and  656  nm,  and  the  corre¬ 
sponding  IPCE  values  were  ca.  25%,  22%  and  13%,  respectively 
(Fig.  8a).  For  the  PEBFC  with  protoporphyrin  IX  sensitizer,  the  cor¬ 
responding  IPCE  values  at  500,  560  and  650  nm  were  22%,  20%  and 
11%,  respectively,  as  shown  in  Fig.  8b.  The  IPCE  values  of  the  PEBFCs 
based  on  protoporphyrin  IX  or  haematoporphyrin  are  higher  than 
those  of  the  reported  PEBFC  based  on  H2-mesoporphyrin  IX 
sensitizer  (Fig.  8c).  The  IPCE  values  of  the  PEBFC  decreased  in  the 
order  of  haematoporphyrin  >  protoporphyrin  IX  >  H2-meso- 
porphyrin  IX  as  expected,  which  was  consistent  with  the  observed 
results  from  the  XPS  spectra  and  radiative  lifetime.  Thus,  the 
structures  of  porphyrins  with  ethanol  group  (-CHOH-CH3)  or  vinyl 
group  (-G-MCH2)  at  (3-position  are  advantageous  for  effective 
electron  injection  from  the  sensitizer  into  the  conduction  band  of 
Ti02. 

3.3.  Current-voltage  curve 

The  photoanodes  with  apparent  surface  area  of  0.228  cm2  were 
illuminated  with  100  mW  cm-2;  the  current— voltage  curves  ob¬ 
tained  for  the  PEBFCs  with  the  protoporphyrin  IX,  haematopor¬ 
phyrin  and  the  reported  H2-mesoporphyrin  IX  sensitizers  were 
shown  in  Fig.  9.  For  the  three  PEBFCs  the  current  keeps  constant  at 


Fig.  7.  The  SEM  images  of  the  bare  Ti02  film  electrode  (a),  H2-mesoporphyrin  IX/Ti02  (b),  protoporphyrin  IX/Ti02  (c)  and  haematoporphyrin/Ti02  (d). 
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Fig.  8.  Photocurrent  action  spectra  of  the  photoeiectrochemicai  biofuel  cells  with  (a) 
haematoporphyrin,  (b)  protoporphyrin  IX  or  (c)  H2-mesoporphyrin  IX  as  the 
sensitizers. 


low  voltage,  and  then  decreases  with  increasing  voltage.  However, 
for  the  PEBFC  with  H2-mesoporphyrin  IX,  the  current  decreases 
more  slowly  compared  to  the  PEBFCs  with  protoporphyrin  IX  or 
haematoporphyrin. 

The  performance  characteristics  of  the  PEBFCs  were  summa¬ 
rized  in  Table  4.  As  shown  in  Fig.  9  and  Table  4,  the  short-circuit 
current  (/sc),  the  open-circuit  voltage  (Voc),  maximum  power  den¬ 
sity  (Pmax)  and  fill  factor  (FF)  of  the  PEBFC  made  from  protopor¬ 
phyrin  IX  were  94  pA,  838  mV,  134  pW  cm-2  and  0.39,  respectively 
(Fig.  9b).  In  contrast,  the  photovoltaic  parameters,  /sc,  Voc  Pmax  and 
FF,  of  the  PEBFC  with  haematoporphyrin  as  a  sensitizer  were 
100  pA,  858  mV,  118  pW  cm-2  and  0.31,  respectively  (Fig.  9a).  The 
above  results  show  that  the  performance  of  the  PEBFC  is  correlative 
with  the  kind  of  the  sensitizer.  Especially,  the  short-circuit  current 
(/sc)  and  the  open-circuit  voltage  (Voc)  for  the  PEBFC  with  the 
protoporphyrin  IX  or  haematoporphyrin  sensitizer  were  greater 
than  those  of  the  PEBFC  with  the  reprted  H2-mesoporphyrin  IX 
sensitizer  (Fig.  9c).  In  other  words,  the  Jsc  and  Voc  values  decreased 
in  the  order  of  haematoporphyrin  >  protoporphyrin  IX  >  H2- 


Fig.  9.  Current-voltage  characteristics  for  the  PEBFCs  with  (a)  haematoporphyrin,  (b) 
protoporphyrin  IX  or  (c)  H2-mesoporphyrin  IX  as  the  sensitizers  under  the  light  in¬ 
tensity  of  100  mW  cm-2  condition. 


Table  4 

Performances  of  the  PEBFCs  with  H2-mesoporphyrin  IX,  protoporphyrin  IX  or  hae¬ 
matoporphyrin  as  the  sensitizers. 


Sensitizer 

Voc  (mV) 

Jsc(pA) 

FF 

Pmax  ([iW  cm-2) 

H2-mesoporphyrin  IX 

767 

90 

0.46 

139 

Protoporphyrin  IX 

838 

94 

0.39 

134 

Haematoporphyrin 

858 

100 

0.31 

118 

mesoporphyrin  IX.  However,  the  corresponding  FF  values  were 
lower  than  that  of  the  reported  PEBFC  with  the  H2-mesoporphyrin 
IX  sensitizer.  The  FF  is  defined  as  the  ratio  of  the  maximum  power 
Pmax  obtained  with  the  device  and  the  theoretical  maximum  power, 
that  is  FF  =  Pmax/ hcVoc-  The  FF  can  then  take  values  between  0  and  1. 
It  reflects  electrical  and  electrochemical  losses  occurring  during 
operation  of  the  PEBFC.  The  FF  value  increased  in  the  order  of 
haematoporphyrin  <  protoporphyrin  IX  <  H2-mesoporphyrin  IX, 
which  stemmed  from  the  higher  /sc  and  V0c  for  the  PEBFCs  with 
protoporphyrin  IX  or  haematoporphyrin  sensitizers  and  showed 
that  the  sensitizer  influenced  losses  during  operation  of  the  PEBFC. 

Next  let  us  focus  on  the  long-time  performance  of  the  three 
PEBFCs  against  continuous  irradiation.  After  24  h  irradiation  with 
the  light  intensity  of  100  mW  cirr2  xenon  lamp,  only  little  current 
and  voltage  changes  are  observed  (±4.5%),  indicating  that  the  three 
PEBFCs  are  stable  against  irradiation  within  24  h  irradiation. 


Fig.  10.  The  Nyquist  plots  of  the  PEBFCs  fabricated  with  haematoporphyrin,  proto¬ 
porphyrin  IX  or  H2-mesoporphyrin  IX  sensitizer  at  the  open-circuit  potential  (a)  and 
263  pA  cm-2  (b). 
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3.4.  EIS 

EIS  is  a  useful  technique  to  investigate  the  kinetic  of  electron 
transport  and  recombination.  To  further  study  the  effect  of  the 
sensitizer  on  the  performance  of  the  PEBFC,  EIS  was  investigated  in 
order  to  analyze  the  value  of  ohmic  and  charge  transfer  resistance 
with  three  sensitizers  adsorbed  at  a  mesoporous  Ti02  film  elec¬ 
trode.  The  Nyquist  plots  for  the  PEBFCs  were  shown  in  Fig.  10.  It 
demonstrated  that  the  low-frequency  arc  in  EIS  (in  the  mHz  range) 
corresponded  to  the  Nernst  diffusion  within  the  electrolyte,  the 
high-frequency  arc  (in  the  kHz  range)  reflected  the  charge  transfer 
at  the  platinum  counter  electrode,  and  the  middle-frequency  arc  (in 
the  10-100  Hz  range)  corresponded  to  the  properties  of  the  pho- 
toinjected  electrons  within  the  Ti02.  As  shown  in  Fig.  10,  for  the 
three  PEBFCs  a  large  arc  was  observed,  suggesting  that  a  high 
resistance  existed.  The  Nyquist  plots  obviously  indicated  that  the 
resistance  of  the  PEBFC  decreased  in  the  order  of 
haematoporphyrin  >  protoporphyrin  IX  >  H2-mesoporphyrin  IX. 
The  higher  charge  transfer  resistance  is,  the  lower  Pmax  is,  therefore, 
the  Pmax  of  the  PEBFC  decreased  in  the  order  of  H2-mesoporphyrin 
IX  >  protoporphyrin  IX  >  haematoporphyrin  as  shown  in  Table  4. 

4.  Conclusions 

In  summary,  series  of  porphyrins  functionalized  at  p-positions 
have  been  successfully  used  as  sensitizers  of  photoanodes  for 
PEBFCs  to  reveal  the  sensitizer  structure-cell  function  relationship. 
The  theoretical  calculation  showed  the  radiative  lifetime  decreased 
in  the  order  of  haematoporphyrin  >  protoporphyrin  IX  >  H2- 
mesoporphyrin  IX,  which  was  consistent  with  the  experimental 
characteristic  from  the  photocurrent  action  spectra  measurement. 
The  theoretical  and  experimental  results  showed  that  there  was  a 
close  relationship  among  the  radiative  lifetime,  frontier  orbital 
energy  of  the  porphyrins  functionalized  at  [3-positions  and  the 
photovoltaic  performance  of  the  PEBFC.  The  present  study  dem¬ 
onstrates  that  the  porphyrins  can  be  served  as  efficient  sensitizers 
for  the  PEBFC  and  their  performance  can  be  enhanced  by  appro¬ 
priate  functionalization  of  (3-positions. 
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